this study evaluated hepatic lesion volumes on contrast-enhanced computed tomography (Ct) images in patients with pyrrolizidine alkaloid-induced sinusoidal obstruction syndrome (pA-sos) and the association of lesion volume with the clinical severity and prognosis of the disease. Twenty-five patients with pA-sos were included in this study, and all patients were subjected to a complete Ct imaging series. the imaging results were quantitatively analyzed by a threshold-based region growing algorithm. the liver volumes and hepatic lesion volumes of the patients were estimated. Based on clinical presentations, PA-SOS was classified into three categories: mild, moderate and severe. The associations of hepatic lesion volumes with liver function test parameters and the clinical severity and prognosis of the disease were analyzed. Based on estimations using the threshold-based region growing algorithm, hepatic lesion volumes in patients with mild PA-SOS were significantly lower than those in patients with moderate and severe pA-sos (p < 0.05). The ratio of hepatic lesion volume to liver volume (Ratio) varied based on alanine aminotransferase (ALt), aspartate aminotransferase (Ast) and serum total bilirubine levels; clinical severity; and disease prognosis, and the differences were statistically significant (P < 0.05). In conclusion, the threshold-based region growing algorithm can be employed to quantitatively analyze enhanced Ct images of pA-sos patients. And the ratio of hepatic lesion volume to liver volume in patients with pA-sos is associated with a more serious clinical course and a poorer outcome.
Relationship between quantitative measurements and clinical severity in patients with pA-sos. The ROI lesion volumes were compared and correlated with clinical severity. The volume of the ROI lesion was significantly lower in patients with mild PA-SOS than it was in patients with moderate and severe PA-SOS (P < 0.05). Additionally, the Ratio varied according to the clinical severity of the disease, and the difference was statistically significant (P < 0.05) ( Table 3 ).
In addition, liver functional test parameters were also compared with the severity of the disease. The results showed that the alanine aminotransferase (ALT), aspartate aminotransferase (AST) and serum total bilirubin levels varied according to the severity of the disease (Table 4) .
The correlations between the Ratio and the ALT, AST and serum total bilirubin levels were determined by the Pearson correlation test. Significant associations were observed between the Ratio and ALT level (ρ = 0.400, P < 0.05), AST level (ρ = 0.519, P < 0.05) and serum total bilirubin level (ρ = 0.543, P < 0.05).
Relationships between quantitative measurements and the prognosis of patients with pA-sos. According to the follow-up results for the patients with PA-SOS, six patients recovered, nine patients had cirrhosis, and six patients died. Compared with the CT imaging measurements, the Ratio was associated with the incidence of death or cirrhosis (P < 0.05, Table 5 ). Discussion SOS is mostly observed after hematopoietic stem cell transplantation (HSCT) and is associated with risk factors such as high intensity of the conditioning regimen 2, 12, 13 . SOS induced by PA-containing herbal medicine has been increasingly reported in recent years. Ge Lin et al. reported that more than 8,000 cases of PA-SOS had been documented worldwide by 2011, at least 51 of which were attributed to Gynura segetum (Tusanqi) intake 4 . The diagnosis of the disease depends mostly on the Seattle criteria and Baltimore criteria 14, 15 , which are more applicable for the diagnosis of HSCT-related SOS. However, the diagnosis of PA-SOS should consider the intake of PA-containing products and typical CT imaging findings 7 . Patchy enhancement and heterogeneous hypoattenuation are the most informative features on contrast CT images. One study reported a sensitivity of 92.96% and a specificity of 92.79% for patchy enhancement and a sensitivity of 100% and a specificity of 95.05% for heterogeneous hypoattenuation, illustrating diagnostic efficacy compared with the Seattle criteria 8 . This finding suggests that CT imaging is important for the diagnosis of PA-SOS. However, several studies have reported that heterogeneous hypointensity was also found on most magnetic resonance imaging (MRI) images of patients with PA-SOS 9, 16 . Unfortunately, only a small proportion of the enrolled patients received MRI examinations. Therefore, the MRI images of the patients with PA-SOS were not evaluated in this study.
Furthermore, the grade of hepatic lesions on CT imaging and clinical severity have been reported to be correlated. Xuefeng Kan et al. reported that heterogeneous hypoattenuation was obviously related to the incidence and severity of PA-SOS 8 , while Hua Zhou et al. found that the grade of hepatic lesions in patients with PA-SOS was correlated with clinical severity 9 . Additionally, in another study, heterogeneous hypointensity was also found on most MRI images of patients with PA-SOS and was significantly associated with ALT (ρ = 0.409, P = 0.02) and AST levels (ρ = 0.509, P = 0.003) 16 . However, the extent of heterogeneous hypoattenuation on CT images or heterogeneous hypointensity on MRI images was visually assessed and lacked objective and quantitative indicators. A threshold-based region growing algorithm can be used to extract ROIs such that ROI volumes in PA-SOS patients can be calculated. An advantage of this study is that the areas of hepatic lesions on contrast CT images of patients with PA-SOS can be quantitatively analyzed by the threshold-based region growing algorithm. Then, the measurements were compared and correlated with liver function test parameters, clinical severity and disease prognosis. The ROI lesion volumes in patients with mild disease were significantly lower than those in patients with moderate or severe disease. Furthermore, a significant difference between the Ratio and clinical severity was identified based on the CT images of patients with PA-SOS. Greater clinical severity corresponded to a higher Ratio. Simultaneously, liver function test results were compared and correlated with clinical severity in patients with PA-SOS. The results showed significant associations between clinical severity and ALT and AST levels, which is consistent with the findings in a previous study. However, in our study, we found that the serum total bilirubin level also varied according to the severity of the disease. We also determined the correlations between the Ratio and the ALT, AST and serum total bilirubin levels and found that these levels were significantly associated with the Ratio. Another finding in our study was a significant difference between the Ratio and clinical outcomes, suggesting that quantitative measurement of ROI lesion volumes in patients with PA-SOS by using the threshold-based region growing algorithm can be used to predict their prognoses.
Quantitatively measuring the extent of hepatic lesions in patients with PA-SOS may assist in assessing the severity of the disease and developing intervention strategies. Because their clinical severities and clinical interventions varied, the patients with SOS had significantly different outcomes. Nelson Chao reported that patients with mild SOS have a tendency to recover by themselves, while patients with moderate and severe SOS may die or progress to cirrhosis 17 . It has also been suggested that SOS treatment be modulated according to the severity of the disease. Defibrotide has been considered the only effective treatment for the disease. Paul G. Richardson et al. reported that patients with SOS treated with defibrotide experienced significant improvements in their 100-day survival and remission rates 18 . However, due to cost and other factors, the strategy cannot be universally applied and is used only in patients with severe disease and in the early stages of the disease. Moreover, quantitative analysis of CT images can lead to preliminary indications of disease severity, which may facilitate treatment during the clinical course of the disease.
A limitation of the study may be that pathological evidence was not available due to ascites and coagulation disorders in the patients with PA-SOS. Therefore, a quantitative histological analysis could not be performed. However, the obstructed areas manifested as heterogeneous hypoattenuation or heterogeneous low-density areas because of the delay in the uptake and obstruction of the contrast agent. Thus, hepatic lesion areas could be detected on CT images. Nevertheless, more research should be performed to correlate histological changes with CT imaging findings.
Another limitation of the study may be the relatively small number of subjects. However, our work was focused on establishing a novel method for estimating hepatic lesion volume and investigating its applicability to clinical practice. In particular, the method can provide objective CT imaging evidence for treatment during the clinical course and follow-up. Of course, the method must be tested and evaluated in a larger patient sample.
Conclusion
In summary, a threshold-based region growing algorithm can be employed to quantitatively analyze contrast CT images of patients with PA-SOS. A higher ratio of ROI lesion to ROI liver volumes on contrast CT images in patients with PA-SOS corresponds to greater clinical severity and a worse prognosis. Quantitative measurement of heterogeneous low-density areas and the ratio of ROI lesion to ROI liver volumes are highly reliable for assessing the severity and prognosis of PA-SOS.
Methods
All methods were carried out in accordance with relevant regulations and guidelines. (Fig. 1) .
The criteria for the diagnosis of PA-SOS were generally based on the Seattle and Baltimore clinical criteria with modifications 7, 19 including a history of PA-containing drug intake and fulfillment of three of the following five items: (1) abdominal distention, hepatomegaly and ascites; (2) an increased serum total bilirubin level; (3) liver biopsy revealing obstruction and extension of the hepatic sinusoids in zone 3 of the hepatic acinus; (4) typical findings on enhanced CT examinations; and (5) detection of pyrrole protein adducts in serum.
Furthermore, the severity of the disease based on the classification of the clinical course used for retrospective assessment was as follows 12, 20 : (1) mild SOS, the disease may have been clinically obvious but was resolved after cessation of exposure or after receiving simple drug treatment; (2) moderate SOS, symptoms required supportive treatment, such as diuretics or pain medication; and (3) severe SOS, the disease required treatment but did not resolve after 100 days of treatment and was complicated with multiple organ dysfunction syndrome or led to mortality.
Patients with PA-SOS were followed up by one of the following three methods: outpatient visits, inpatient visits or telephone calls. Follow-up evaluations were performed via outpatient visits for one patient, inpatient visits for 6 patients, and telephone calls for 18 patients. The patients were followed up every 3 to 6 months after discharge from the hospital. The end point of the follow-up was the date of death or January 31, 2018; the follow-up time ranged from 4 to 65 months, and the average follow-up time was 30.68 ± 16.98 months. The clinical outcome was classified as follows: recovery, liver cirrhosis or death.
Imaging technique. All patients were examined by three-phase liver CT (64-multidetector CT scanner LightSpeed, GE Healthcare, Milwaukee, WI, USA) after an intravenous injection of contrast media (100 mL of Omnipaque, GE Healthcare Co. Ltd, China; 300 mgI/mL at a rate of 3.0 mL/s) at 25-30, 55-70 and 90-120 seconds, respectively. Timing for arterial phase imaging was determined by using a bolus-tracking technique or a test-bolus injection technique. The scanning parameters were 120 kVp, 500 mA, 5-mm section thickness and 1.375 pitch.
ROI definition. Patchy liver enhancement and heterogeneous hypoattenuation have been reported as the most typical manifestations of SOS on CT images. Because SOS causes sinusoid congestion and therefore delays contrast agent inflow, hepatic lesion areas appeared darker on contrast CT images and exhibited heterogeneous hypoattenuation or heterogeneous low density 21 . The imaging changes mentioned above were most obvious at the hepatic venous phase on contrast CT 22 . Therefore, CT images at the hepatic venous phase were analyzed for quantitative measurements. Regions of interest (ROIs) were defined for the hypoattenuation area, enhancement area and liver.
Liver extraction and measurement without denoising are difficult because the intensity distribution of the liver is irregular due to noise 23 . The anisotropic diffusion method can reduce the effect of noise while preserving the boundaries and fine details of organs and tissues on a CT image. The parameters of the anisotropic diffusion method were as follows: iterations = 4 and time step = 0.125. CT images of patients with PA-SOS were denoised through an anisotropic diffusion filter 24 (Fig. 2) .
threshold-based region growing method. The threshold-based region growing algorithm is an image segmentation method applied with region growing based on the Hounsfield unit (HU) of the ROI and can be used to extract the ROI 24 . To determine the ROI of the liver (ROI liver ), the approximate range of the liver was first manually delineated, and the threshold of the ROI liver was then obtained by Analyze 12.0 software (Mayo Clinic College of Medicine, Rochester, Minnesota). Based on the threshold of the ROI liver , region growing was performed to extract the ROI liver , and then the ROI liver volume was calculated.
When employing the method to analyze the ROI of a lesion (ROI lesion ), the threshold of the ROI of low-density areas (ROI low density ) and the ROI of the enhancement areas (ROI enhancement ) were initially obtained. For the ROI low density , and defined it as ROI lesion . The ROI lesion was regionally segmented, and the lesion area was then automatically measured using a computer to obtain the volumes of hepatic lesions. We also calculated the ratio of ROI lesion volume to ROI liver volume (Ratio). The ROI liver and ROI lesion of patients with PA-SOS were extracted by the threshold-based region growing algorithm (Fig. 3) .
statistical analysis. The statistical analysis was performed using SPSS version 17.0 (SPSS Inc., Chicago, IL, USA). The volume measurements of the ROI liver , ROI lesion and Ratio were compared against clinical severity and patient outcomes and analyzed by one-way analysis of variance (ANOVA). An LSD test was used to compare intergroup variables. The volume measurement of the Ratio was correlated with liver function test parameters and analyzed with the Pearson correlation test. A P value less than 0.05 was considered to indicate a significant difference.
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